In the Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS) trial, the anti-inflammatory monoclonal antibody canakinumab significantly reduced the risk of recurrent cardiovascular events in patients with previous myocardial infarction (MI) and high-sensitivity C-reactive protein (hs-CRP) levels of 2 mg/L or greater.
T he effectiveness of reducing inflammation as a treatment of atherosclerotic disease has been debated for decades. 1 The recent Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS) trial provided proof-of-concept evidence that targeting inflammation can reduce cardiovascular events.
2 Patients with elevated high-sensitivity C-reactive protein (hs-CRP) levels after myocardial infarction (MI) in the CAN-TOS trial were randomly assigned to either placebo or treatment with the human monoclonal antibody canakinumab at 1 of 3 doses. 2 Patients in the CANTOS trial treated with canakinumab, 150 mg, every 3 months had a 15% lower risk of the primary outcome (the composite of nonfatal MI, nonfatal stroke, or cardiovascular death) compared with placebo, which was mostly driven by reduced risks of recurrent MI, as there was no reduction in mortality or stroke. The trial also found a significant increase in fatal infections among canakinumab-treated patients but suggested that canakinumab may reduce the incidence of lung cancer, an intriguing finding that remains to be confirmed. 3 Canakinumab, which inhibits interleukin 1β in the inflammatory cascade, is currently approved to treat uncommon autoimmune disorders, such as systemic juvenile idiopathic arthritis and periodic fever syndromes. Its current US market price is approximately $73 000 per year for 150 mg administered every 3 months. 4 If canakinumab were approved by the US Food and Drug Administration (FDA) as a life-long therapy for coronary artery disease, the budget impact would be enormous. Canakinumab's costeffectiveness for this indication is unknown.
In this study, we sought to assess the cost-effectiveness of adding canakinumab to standard of care for post-MI management and to explore its value over a range of potential prices. Further, we aimed to estimate the cost-effectiveness of a selective strategy of limiting canakinumab therapy to patients who have a substantial reduction in hs-CRP levels after the first dose, as suggested by a post hoc analysis of the CANTOS trial. 5 Finally, we wished to investigate the effect of the potential reduction in lung cancer on the cost-effectiveness of canakinumab.
3
Methods

Model Structure, Treatments, and Target Population
We developed a state-transition Markov model to evaluate the long-term costs and outcomes of canakinumab using a US health care sector perspective and a lifetime horizon (eFigure 1 in the Supplement). The model simulates outcomes for a hypothetical cohort of patients aged 61 years with previous MI and an hs-CRP level of 2 mg/L or greater who receive post-MI standard of care with or without canakinumab, 150 mg, subcutaneously every 3 months. Institutional review board approval was not needed, as all analyses were conducted on publicly available data and no human participants were involved in the study. In the model, each month, a patient can either remain stable, experience a recurrent MI, undergo a coronary revascularization procedure, develop lung cancer, experience an infection, or die of causes other than MI, revascularization, lung cancer, or infection. After recovery from either revascularization or infection, patients are assumed to return to their prior health state, with the same quality of life and risk of subsequent events. To account for lung cancer's substantial effect on mortality, quality of life, and costs, individuals with lung cancer who survive recurrent MI, revascularization, or infection return to the stable with lung cancer state.
We based model inputs on the CANTOS trial and the literature (Table 1) , adjusted costs to 2018 US dollars using the Consumer Price Index, 25 and applied a 3% annual discount rate and half-cycle correction to all outcomes. We used TreeAge Pro 2017 (TreeAge Software) and R version 3.4.3 (The R Foundation), and completed the Impact Inventory from the Second Panel on Cost-effectiveness in Health and Medicine (eTable 1 in the Supplement).
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Mortality, Treatment Effects, and Adverse Events
We used the age-specific and sex-specific mortality rates from the US Centers for Disease Control and Prevention 2014 life tables, adjusted by an annual rate ratio to match the background rates of death from causes other than MI, revascularization, lung cancer, and infection in the placebo arm of the CANTOS trial. 9 As the CANTOS trial did not show a significant effect on mortality (hazard ratio, 0.92; 95% CI, 0.78-1.09), we assumed no direct effect of canakinumab on all-cause mortality but did account for the indirect effects on mortality resulting from changes in other clinical outcomes (eg, cardiovascular events, infection, and lung cancer). We assumed canakinumab reduced the risk of recurrent MI or requiring a revascularization procedure according to the hazard ratios reported in the CANTOS trial. 2 We corrected for the overlap between the events of MI and any revascularization procedure in the CANTOS trial by subtracting the incidence rate of MI from the incidence rate for any revascularization. 2 We assumed no effect on stroke. To account for an assumed increased prevalence of heart failure following a recurrent MI and consequently higher long-term mortality rates, we applied a multiplier of 2.21 to the mortality rate in this state. This was derived by assuming heart failure would develop in 20% of patients with recurrent MI with a 5-year survival probability of 35%, based on data from the Rotterdam Study. 10 We also included additional shortterm (30-day) mortality risks following MI admission and from undergoing a revascularization procedure.
6,7
We included the rates of serious infections and infection mortality as reported by the CANTOS trial as well as the effects on rates of arthritis (including osteoarthritis and gout). 2 We
Key Points
Question What is the cost-effectiveness of canakinumab for the secondary prevention of cardiovascular events?
Findings In this cost-effectiveness analysis, the outcomes of patients with a previous myocardial infarction treated either with canakinumab therapy added to standard of care or with standard of care alone were simulated. The addition of canakinumab was estimated to increase quality-adjusted life-years (QALYs) by 0.13 and costs by $832 000, yielding an incremental cost-effectiveness ratio of $6.4 million per QALY gained.
Meaning Canakinumab is not cost-effective at its current market price.
excluded the proposed beneficial effect of canakinumab on preventing incident lung cancer from the base case analysis 3 and instead assumed the rates of lung cancer would be the same in both arms, corresponding to the rate in the placebo arm. In scenario analyses, we explored the trial-observed lung cancer benefits, using time-dependent lung cancer death rates based on Surveillance, Epidemiology, and End Results Program (SEER) data. 8 We extrapolated beyond the trial follow-up by assuming all rates would remain constant and that the effects of ongoing canakinumab treatment in reducing these rates would continue over a patient's remaining lifetime.
Costs
We derived background monthly medical costs from agespecific and sex-specific data on US health spending by subtracting the proportion of costs spent on treating ischemic heart disease in a population with the same sex distribution as the CANTOS trial population (approximately 25% women). 11, 12 We estimated the price for canakinumab, 150 mg, by adjusting Veteran Affairs costs reported in the US Federal Supply Schedule by 152%, 4,27 further adding costs for an outpatient physician visit and a subcutaneous injection every 3 months, based on the US Centers for Medicare and Medicaid Services (CMS) physician fee schedule. 13 We based costs of hospital admission for MI, revascularization procedure, and infection on 2018 CMS reimbursement rates (eTable 2 in the Supplement). We applied previously published costs for standard of care treatment of coronary heart disease, 14 adding an increase in costs following recurrent MI to account for the assumed development of heart failure in 20% of patients after MI. 16 To capture the costs of improved arthritis symptoms (including osteoarthritis and gout, as defined in the CANTOS trial 2 )i nt h e canakinumab-treated group, an average incremental monthly cost of arthritis treatment was included only in the standard of care group. 15 We obtained costs of treating lung cancer from a study linking SEER statistics to CMS reimbursements. 28 Since the CANTOS trial did not provide data on lung cancer stages, we assumed an average treatment cost corresponding to radiotherapy and chemotherapy for non-small cell lung cancer, the most prevalent type of lung cancer in the United States, with weighting on stages corresponding to SEER reports. a A differential probability of incident lung cancer was included in the scenario analysis on lung cancer only.
Utilities
On the basis of age-weighted and sex-weighted EQ-5D (EuroQol Research Foundation) index scores from a community registry, we used baseline utility values of 0.872 for patients treated with canakinumab to reflect the quality-of-life decrement of living with ischemic heart disease. 19 Baseline utility in the standard of care arm was further reduced to 0.868 to account for increased rates of arthritis symptoms based on the difference in incidence rates of arthritis between the standard of care and canakinumab, 150 mg, arms in the CANTOS trial 2 combined with the utility decrement of living with arthritis. 20 For individuals experiencing a recurrent MI, we added a permanent reduction in quality of life of −0.134, including a disutility of −0.07 in the 20% of patients assumed to develop heart failure. 22 , 23 We applied short-term quality-of-life reductions for the duration of hospitalization for MI, revascularization, and infection and obtained time-dependent utilities after lung cancer diagnosis from the National Lung Screening Trial. 24 Finally, to account for the decrease in quality of life associated with aging, we applied disutilities for patients older than 70 years and 80 years, based on a large US study.
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Model Validity
To assess the validity of our model, we compared the risk of all-cause mortality and nonfatal events from the CANTOS trial with the risk from our simulated cohort at 3.7 years of elapsed time (the median follow-up in the CANTOS trial). 29 Additionally, we compared the relative risk of mortality between the 2 treatment strategies in our simulated cohort with the relative risk reported in the CANTOS trial.
Sensitivity and Scenario Analyses
We performed 1-way deterministic sensitivity analyses on all input parameters by varying each individually through plausible ranges, particularly the cost of canakinumab and its association with recurrent MI, revascularization, and infection. Additionally, we used a 2-way sensitivity analysis to explore a direct mortality risk reduction vs the cost of canakinumab. While our base case was constructed to match the CANTOS trial population, we performed several scenario analyses to evaluate the effect of canakinumab in real-world population settings and within subpopulations of the trial. First, we investigated the cost-effectiveness of limiting canakinumab therapy to responders, defined as patients who had a reduction in hs-CRP level to less than 2 mg/L at 3 months following treatment initiation compared with standard of care. A post hoc analysis of the CANTOS trial suggested that this group (55% of the patients receiving the 150-mg dose) had a 31% risk reduction in all-cause mortality compared with patients receiving standard of care only. 5 Importantly, responders and nonresponders did not differ significantly in baseline clinical characteristics. For this scenario analysis, we assumed that all canakinumab-treated patients were responders and included a 31% all-cause mortality reduction in the canakinumab arm compared with standard of care. We assumed that the rates of MI, revascularization, infections, and lung cancer to be the same as in the base case, as no data on these rates among responders have been reported individually. 5 To account for the initial drug cost of determining whether a patient is a responder, we added an extra 45% cost of the first canakinumab dose, corresponding to the proportion of nonresponders reported in the CANTOS trial. We also repeated deterministic 1-way sensitivity analyses, particularly on the cost of canakinumab. Second, we performed a scenario analysis including the proposed beneficial effect of canakinumab on lung cancer incidence. Third, we simulated multiple cohorts with different risks of recurrent MI, ranging from 1% to 10% per year, as well as different rates of developing heart failure following a recurrent MI, ranging from 10% to 30%. Fourth, we simulated cohorts with different ages at initiation of therapy, ranging from 40 to 70 years. Fifth, we also performed a sensitivity analysis varying the quality-of-life decrement after recurrent MI between 0 and 0.20. Lastly, we performed a sensitivity analysis excluding the decrement in quality of life associated with aging. Finally, we conducted probabilistic sensitivity analysis for both the base case and for the scenario of only treating responders. We ran 10 000 second-order Monte Carlo simulations, simultaneously sampling from the uncertainty distributions of all model inputs (eTable 3 in the Supplement). To describe the remaining model uncertainty at different potential prices for canakinumab, we performed 10 additional probabilistic sensitivity analyses of 1000 simulations each, varying the canakinumab price from $100 to $10 000 per year.
Results
Model Validity
The cumulative mortality estimates from our model were within the 95% CIs of the trial estimates at 3.7 years of follow-up for both the standard of care group and the canakinumab-treated groups. The model mortality estimate for the canakinumab group was 10.1% in our model vs 9.6% (95% CI, 8.4-10.8) in the CANTOS trial. For the standard of care group, the model mortality estimate was 9.9% in our model vs 10.4% (95% CI, 9.4-11.4) in the CANTOS trial. For the scenario analysis including an effect on lung cancer, the model mortality estimate was 9.7% and 9.9% for canakinumab and standard of care, respectively.
Base Case Analysis
Adding canakinumab to standard of care increased discounted life expectancy from 11.31 to 11.36 years, which was driven principally by the decreased risk of recurrent MI in the canakinumab group. After accounting for the effect on quality of life, canakinumab increased the discounted lifetime quality-adjusted life-years (QALYs) from 9.37 to 9.50, again mainly driven by limiting decrements in health-related quality of life resulting from recurrent MI. At canakinumab's current price, mean discounted lifetime costs were $242 000 for standard of care and $1 074 000 for standard of care plus canakinumab, yielding an incremental cost-effectiveness ratio of $6.4 million per QALY gained ( Table 2) .
Sensitivity and Scenario Analyses
The price of canakinumab had the strongest impact on its costeffectiveness relative to standard of care. For canakinumab to be cost-effective at the $150 000 per QALY willingness-topay threshold, its annual price would have to be reduced by more than 95% to less than $1725 per year (Figure 1) . The annual price would have to be reduced to less than $1150 per year to meet the $100 000 per QALY threshold and to less than $575 per year to meet the $50 000 per QALY threshold.
Model results were generally robust to alternative assumptions (Table 2 ). For example, canakinumab was not cost-effective at current prices even if averted recurrent cardiovascular events were associated with a much lower quality of life or if the rates of infection with canakinumab were substantially lower than observed in the CANTOS trial. Including the suggested effect of canakinumab on lung cancer increased the QALYs gained from 0.13 to 0.24 and resulted in a more favorable incremental costeffectiveness ratio (ICER) of $3.5 million per QALY gained.
In the scenario in which canakinumab treatment was continued only in responders to the first dose, mortality would be reduced by 31%, QALYs would improve from 9.37 to 10.56 QALYs, lifetime costs per patient would be increased by $974 000, and the ICER would improve to $819 000 per QALY gained (Table 2) (Figure 2 ). Assuming these results were confirmed and achievable in general practice, the current price of canakinumab would need to be lowered to $6575 per year to achieve a $100 000 per QALY threshold (eTable 4 in the Supplement). Yearly cost of canakinumab (x-axis) vs the incremental cost-effectiveness ratio in the base case analysis (y-axis).
The current annual cost of canakinumab ($73 000) is indicated by the vertical dashed line, and the base case incremental cost-effectiveness ratio ($6.4 million per quality-adjusted life-years gained) is indicated by the horizontal dashed line. The inset presents the annual cost of canakinumab needed for the drug to be considered cost-effective at commonly accepted benchmarks for cost-effectiveness ($150 000, $100 000, and $50 000 per quality-adjusted life-years gained).
In 2-way sensitivity analysis, canakinumab was not costeffective at any level of mortality reduction with an annual cost greater than $40 000, and substantial price reductions would be needed even if canakinumab reduced mortality modestly (eFigure 2 in the Supplement). Excluding quality-of-life decrements associated with aging did not alter the ICER (eTable 5 in the Supplement). Older patients had higher incremental benefits and more favorable ICERs from canakinumab therapy than younger patients, but these results were especially sensitive to changes in the risk of fatal infections (eTable 5 in the Supplement). The CANTOS trial reported that patients dying from infection tended to be older.
2 Similarly, treating populations with a higher incidence of recurrent MI than reported in the CANTOS trial would make canakinumab's ICER more favorable, although still far from commonly accepted thresholds even with an annual MI risk of 8% (eFigure 3 in the Supplement).
Probabilistic Sensitivity Analysis
At current prices, canakinumab was not cost-effective in any of the 10 000 simulations, even at a willingness-to-pay threshold of $150 000 per QALY (eFigure 4 in the Supplement). The strategy of limiting treatment to canakinumab responders was also not cost-effective in any of the 10 000 simulations. However, changing the drug price would, as expected, change the outcome of the probabilistic sensitivity analysis; at a yearly drug cost of $1125 per year, canakinumab was cost-effective at the $100 000 per QALY threshold in approximately 50% of simulations ( Figure 3) .
Discussion
The addition of canakinumab to standard of care treatment after an acute MI appears to modestly increase life expectancy and QALYs but does not meet accepted benchmarks for costeffectiveness because of its high cost of $73 000 per year. We project that canakinumab might provide an acceptable level of cost-effectiveness if its price were less than $1725 per year (a reduction of more than 95%). These results were consistent across a range of assumptions regarding the potential health benefits of canakinumab. The price of canakinumab is the most important factor determining its cost-effectiveness. If canakinumab is approved by the FDA for secondary prevention of cardiovascular disease, it would have a much larger market, so a high orphan drug price would no longer be appropriate. The annual cost of proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors, another The association of annual cost of canakinumab with the incremental cost-effectiveness ratio for the base case analysis (orange line) and for the scenario in which only responders continue treatment (brown line). In the treatment responders-only scenario, only those with a high-sensitivity C-reactive protein level less than 2 mg/L after the first dose of canakinumab continued treatment, and they achieved a 31% reduction in all-cause mortality.
At the current annual cost of canakinumab ($73 000; vertical dashed line), the incremental cost-effectiveness ratio (horizontal dashed lines) is $6.4 million per quality-adjusted life-year gained in the base case and $819 000 per quality-adjusted life-year gained in the treatment responders-only scenario, both well above standard benchmarks for cost-effectiveness. The proportion of simulations from a probabilistic sensitivity analysis (y-axis) in which canakinumab was cost-effective at willingness-to-pay thresholds of $150 000 (orange line), $100 000 (blue line), and $50 000 (navy line) per quality-adjusted life-year (QALY) added in relation to different yearly drug costs (x-axis). monoclonal antibody used to reduce atherosclerotic cardiovascular events in high-risk populations, is much lower, approximately $14 000, but even at this price, PCSK9 inhibitors are not cost-effective at standard willingness-to-pay thresholds.
Cost-effectiveness of Canakinumab for Prevention of Recurrent Cardiovascular Events
14,30,31
The cost-effectiveness of medications can be improved by identifying subgroups of patients who have greater than average reductions in clinical events. The CANTOS investigators reported that patients who had a robust response to the antiinflammatory effects of canakinumab (indicated by a decrease in hs-CRP level to less than 2 mg/L) had a larger clinical benefit, with a potential 31% decrease in all-cause mortality. 5 This finding suggests that a clinical strategy of limiting canakinumab therapy to responders might improve both its clinical effectiveness and its cost-effectiveness. This strategy would also reduce the budget impact of canakinumab because fewer patients would continue long-term treatment. While the post hoc analysis of the CANTOS trial should be interpreted with caution, our model suggests that limiting canakinumab treatment to responders would still not be cost-effective ($819 000 per QALY gained) at its current price. The price of canakinumab would still need to be reduced substantially to reach the accepted benchmarks for cost-effectiveness in the selective treatment strategy, despite the plausibility of using a targeted treatment strategy to improve value. An unexpected finding in the CANTOS trial was the favorable effect of canakinumab on incident lung cancer. This unforeseen finding has been attributed to the anti-inflammatory effect of canakinumab reducing the rate of progression, invasiveness, and metastatic spread of lung cancers that were present but undiagnosed at trial entry.
3 Including the proposed effect on lung cancer in a scenario analysis almost doubled the projected QALYs gained from canakinumab and improved the cost-effectiveness ratio from $6.4 million to $3.5 million per QALY gained, which is still far above accepted willingness-to-pay thresholds. Thus, further research is needed to assess whether canakinumab affects cancer progression and mortality. Since approximately 1.4 million Americans and Europeans experience an MI each year 32 and a large part of this population has residual inflammatory risk, 33 many patients would be potentially eligible to receive canakinumab. Treatment of this large population with canakinumab would have substantial budgetary impact at the current price. Even with a 90% price reduction, the budget impact of canakinumab used in secondary prevention would be substantial for a US or European health care system. Such a major budgetary impact can only be justified by robust evidence of health benefits and pricing that offers good value for money in health care. The positive results from the CANTOS trial provide support for the hypothesis that therapies aimed specifically at reducing inflammation might improve cardiovascular outcomes. It is likely that additional treatments will be developed that target inflammation in patients with atherosclerosis. Of note, the recently published National Heart, Lung, and Blood Institute-funded Cardiovascular Inflammation Reduction Trial 34 tested whether low-dose methotrexate reduced major cardiovascular events in patients with coronary disease and either type 2 diabetes or metabolic syndrome. This trial was terminated early and found no difference between methotrexate and placebo.
Limitations
Our model had several important limitations, and its results should be interpreted within the context of data inputs and modeling assumptions. First, to our knowledge, only 1 randomized clinical trial 2 has evaluated the clinical effectiveness of canakinumab in treating cardiovascular disease, which limits generalizability of our results. Furthermore, the median followup in the CANTOS trial was 3.7 years, but we assumed therapy would be effective for a much longer period, a potentially optimistic estimate of the long-term cardiovascular benefits of canakinumab. 35 Conversely, rates of adverse events, such as fatal infections, were also extrapolated over a life-time, without any assumption of termination of therapy in case of a serious infection. In the 3.7-year base case model mortality validation, canakinumab and standard of care had similar mortality rates. Nevertheless, these numbers were still within the CANTOS trial's 95% CIs, and during the total duration of the model, the canakinumab strategy had a beneficial effect on mortality. Most importantly, while awaiting potential FDA approval and a possible reduction in drug price, we used the current high orphan drug price of canakinumab in our base case analysis. We addressed this issue by repeating our analyses at a wide range of potential prices of canakinumab and by including multiple scenarios with a reduced drug cost. In the scenario limiting canakinumab treatment to responders only, we assumed all event rates besides mortality would be identical to the base case since specific rates of MI, revascularization, and lung cancer were not reported in the post hoc analysis of the CANTOS trial.
5 While this approach might underestimate the effect of canakinumab in the responders scenario if its effects on MI, revascularization, and lung cancer prove to be more beneficial than in the principal analysis, the 31% reduction in mortality would remain the predominant driver in reducing the ICER compared with the base case analysis.
Conclusions
At the current price of $73 000 per year, adding canakinumab to standard therapy for secondary prevention of cardiovascular events in patients after MI with an elevated hs-CRP level is not cost-effective. To provide value at generally accepted standards for cost-effectiveness, the price of canakinumab would need to be decreased substantially. Total costs, life-years and quality-adjusted life-years per patient as well as the incremental cost-effectiveness ratio for sensitivity and scenario analyses on age effects. For the scenario analysis with different age at treatment onset, the analyses were repeated to include a decreased risk of fatal infections for the 40-year-olds and an increased risk for the 70-year-olds, as CANTOS reported that patients dying from an infection tended to be older. 
Figure Legend:
Scenario analysis investigating the effect of altering the annual risk of myocardial infarction (MI) in the population. Treating a population with only slightly higher annual risk of MI improves the incremental cost-effectiveness of canakinumab, but the treatment is not cost-effective even at a yearly MI risk of 8%.
